The electronic spectra of C 18 and C 22 in the 15 150-36 900 cm −1 range have been detected in the gas phase by a mass-selective resonant two-color two-photon ionization technique coupled to a laser ablation source. The spectra were assigned to several electronic systems of monocyclic cumulenic isomers with a D 9h symmetry for C 18 and D 11h for C 22 , based on time-dependent-density-functional calculations and reactivity with respect to H 2 . The best cooling conditions were achieved with Kr as the buffer gas, and the origin of the Ã 1 A 2 Љ← X 1 A 1 Ј transition of C 18 at 592.89 nm shows a pair of 1 cm −1 broadbands spaced by 1.5 cm −1 . The next electronic transitions exhibited much broader, ϳ30 ͑in the visible͒ to 200 cm −1 ͑in ultraviolet range͒, features. The spectrum of C 22 exhibits an absorption pattern similar to C 18 , except that the narrow features to the red are missing; the oscillator strength of the Ã ← X transition is predicted to be low.
I. INTRODUCTION
The study of pure carbon molecules has attracted interest for many decades. 1, 2 Following the discovery of C 60 ͑Ref. 3͒ and carbon nanotubes 4 much effort has been devoted to comprehending the structures and properties of pure carbon molecules. These species are also present, for example, in hydrocarbon flames and as intermediates in the plasma chemistry taking place in vapor deposition systems for the production of diamond and silicon carbide films. Thus the study of their electronic structure and spectra is necessary for an understanding of these environments. However, the experimental measurements on neutral carbon species with more than a few atoms are still limited.
The linear isomers of C 4 -C 10 have been identified by electron spin-resonance ͑ESR͒ measurements in neon matrices. 5 Chains up to C 13 have been observed via infrared vibrational spectroscopy in rare-gas matrices 6, 7 and in the gas phase. 8, 9 The electronic absorption spectra in solid neon have identified linear chain structures for C 2n ͑n =2-7͒ ͑Refs. 10 and 11͒ and C 2n+1 ͑n =2-10͒. 12, 13 Though a variety of structures for the bare carbon entities, both cations and anions, have been established from ion mobility measurements, 14, 15 electronic transitions on rings have been detected so far only in low-temperature matrices. In the latter, some absorption bands of mass-selected C 10 , C 12 , and C 14 were assigned to transitions of monocyclic structures. 16 The Raman spectra of matrix-isolated massselected C 2n ͑7 ഛ n ഛ 10͒ were assigned to linear isomers. 17, 18 However, the fluorescence spectra seen under the same conditions for C n ͑n =14,18͒ were attributed to cyclic isomers. 18 In the recent years an effort has been made by our group to obtain the electronic spectra of carbon chains, particularly in an attempt to understand which species have strong transitions in the diffuse interstellar band ͑DIB͒ region. The smallest linear polyatomics C [3] [4] [5] have been searched for in diffuse interstellar clouds as their gas-phase electronic spectra are known. Because only C 3 could be detected, 19, 20 these studies led to the conclusion that only certain systems of the longer carbon chains seem to satisfy the criteria necessary to be DIB carriers. 21 Among the bare carbon moieties, apart from fullerenes, species with 10, 14, 18, and 22 atoms attract special attention. These magic numbers manifest themselves in the mass spectra with 10.5 eV photon ionization of neutral molecules produced by laser ablation of graphite. 22 They also appear to correspond to the size of preferential neutral loss by collision-induced dissociation according to the mobility experiments on relatively large carbon cations. 14, 15, 23 The measurement of gas-phase electronic spectra of larger carbon chains and rings is a challenge. For this purpose a laser ablation graphite source in conjunction with a resonance-enhanced multiphoton ionization ͑REMPI͒ detection scheme has been used. The gas-phase electronic spectra of C 18 and C 22 have been obtained using a mass-selective resonant two-color two-photon ionization ͑R2C2PI͒ spectroscopy under a supersonic molecular-beam condition. The theoretical calculations using density-functional theory were carried out to guide an assignment of the observed spectra.
II. EXPERIMENT
The apparatus consisted of a molecular beam combined with a linear time-of-flight ͑TOF͒ mass analyzer. 24 The source relied on a conventional laser vaporization of graphite coupled to a pulsed valve. The rod was rotated and translated so that a fresh surface was continuously exposed to the laser ͓25 mJ/ 5 ns pulse of 532 nm Nd:YAG, 0.3 mm spot͔ which was fired to coincide with the inert gas flow over the target area. Vaporized carbon was swept through a 15 mm-long and 3 mm diameter tube with helium or neon at 5 -10 bars and expanded into a vacuum chamber. The carbon species produced passed through a skimmer into a differentially pumped a͒ Electronic mail: j.p.maier@unibas.ch region where ions were removed by a perpendicular electrical field before entering the extraction zone of the TOF. The neutral molecules were then ionized by 7.9 eV photons of a F 2 laser. The ionization process is more efficient when the tunable laser is resonant with an allowed electronic transition. Ions were extracted and accelerated towards a dual microchannel plate detector. The excitation photons in the 278-341, 325-450, and 440-680 nm ranges were delivered by Nd:YAG, excimer-pumped dye laser, or an optical parametric oscillator system. The latter was anticollinear to the molecular beam, while the ionization laser was perpendicular, allowing for maximum overlap. Variation of the masspeak amplitude as function of the laser wavelength gives the R2C2PI spectrum of the molecule with a defined mass. Separation of the ions in the drift tube after resonant excitation enables a large number of masses to be monitored simultaneously.
III. OBSERVATIONS
A. Spectra Figure 1 shows the measured electronic excitation spectra of C 18 ͓Fig. 1͑a͔͒ and C 22 ͓Fig. 1͑b͔͒ in the 15150-36900 cm −1 range. Immediately noticeable is the broadness ͑ϳ100 cm −1 ͒ of all the bands except for the first two groups to the red which have widths Ͻ10 cm −1 . The spectra were recorded at different laser pulse energies, from tenths up to 15 mJ to test for power broadening. No noticeable changes in the widths of the bands were observed. Varying the backing pressure and the carrier gas of the supersonic expansion in an effort to modify the reaction products' cooling efficiency did not appear to influence the widths of the broad peak systems, implying that it is intrinsic. On the other hand changing the cooling conditions did have an influence on the narrower peaks ͑see Sec. III B͒.
Some similarities between the spectra of the two species are observed. Both posses a series of twin peaks in the 28 000-33 000 cm −1 range with those from C 22 being almost a copy of those from C 18 but shifted by ϳ480 cm −1 to the red. The growth started on the blue edge of the C 18 spectrum predicts the beginning of an analogous absorption in the spectrum of C 22 , which lies outside the range scanned.
Yet there are differences between the two spectra. The strong progression starting at 27 830 cm −1 , with a spacing of 2205 cm −1 , apparent in the UV region of the C 18 spectrum does not have a direct counterpart for C 22 . Even though both spectra contain a twin pattern on the UV side, the linewidths of those in C 18 were 1.5 times larger than in C 22 . In contrast to C 18 , C 22 exhibits less pronounced features in the visible. The spread of the peaks and the complicated nature of the spectra indicate the presence of at least four but probably more electronic transitions.
The relative intensities of the bands in the spectrum were not calibrated in the UV ͑278-440 nm͒ range, where dye lasers were used. The maxima of the observed vibronic bands determined by single-and/or multi-Lorentzian fits are given in Tables I and II .
B. Bandwidths
The broadness of the majority of the spectroscopic features ͑ϳ100 cm −1 ͒ is striking. The rotational structure overlap for such molecules is estimated to be a few wave numbers. Thus the width corresponds to a 0.1 ps excited-state lifetime. This is five orders of magnitude smaller than the pulse width of the lasers used in the experiment. Predissociation can be excluded because no peaks were observed at the same wavelength for species of smaller masses. This behavior is similar to that seen for HC 2n H, 25 C 2n+1 H, 26 and transitions into B state of HC 13 H and HC 19 H ͑Ref. 29͒ measured by the R2C2PI technique. Intramolecular processes were concluded to be responsible for this relaxation and are efficient due to the number of electronic states accessible. After excitation into the prepared state, internal conversion to an intermediate state occurs on a subpicosecond time scale. Experimental evidence for this was observed for C 18 and C 22 ; the signal did not change when the delay between the excitation and ionization laser was varied from a few up to 500 ns. For such a two-color signal to be detected, the Franck-Condon factor for the ionization step at 7.9 eV must FIG. 1. Gas-phase electronic spectra of ͑a͒ C 18 and ͑b͒ C 22 detected by a resonant two-color two-photon ionization technique under supersonic molecular-beam conditions. be favorable. This will be the case for molecules with an ionization potential comparable to the photon energy.
In contrast, the two bands in the red part of spectrum are two orders of magnitude narrower than others ͑correspond-ing to 10 ps as the lower limit to the excited-state lifetime͒. Such a difference in the internal conversion rate can be rationalized assuming this state is the lowest excited one of this multiplicity and thus internal conversion is not efficient. This interpretation is in accord with the electronic spectra of polyacetylene chains. Absorptions to B, C, and D states of C 2n+1 H and to B state of HC 2n+1 H were seen as broad features with widths of hundreds of cm −1 slowly dependent on chain size, whereas those to the A state were found to be orders of magnitude narrower. 26, 27 C. Rotational and vibrational cooling A supersonic jet expansion was used to remove the excess energy of the transient species. The rotational temperatures of the molecules was expected to be the same ͑20-40 K͒ to those attained with a discharge source in previous experiments [25] [26] [27] because the gas flow parameters used in the laser vaporization source were similar. Vibrationally excited molecules, on the other hand, are not as efficiently cooled through adiabatic expansion. The achieved distribution is far from statistical, making vibrational temperature mode specific. In these experiments a number of carrier gases were used to study the collisional relaxation upon larger carbon chains such as C 18 . Using nitrogen resulted in a much better vibrational cooling ͑Fig. 2͒ than with helium or neon, suppressing the broad red tails caused by sequence bands. Because low-energy vibrational modes, such as ϳ 56 cm −1 , were already sufficiently cooled ͑T vib ϳ 60-70 K͒ using Ne, significant further relaxation with N 2 was not observed ͑T vib =37 K͒. Higher-frequency modes, on the other hand, are typically more resistant to cooling and therefore require a heavier carrier gas.
By using a proper buffer gas the width of origin band was decreased down to ϳ5 cm −1 . Higher-resolution scans reveal further substructure: three bands whose intensities and maxima depend on the carrier gas. The spectra shown in Fig. 3 are normalized to peak c. Upon changing the cooling gas, peak a gradually decreases and shifts slightly toward higher energy. At the same time the relative amplitude of peak b reduces too. With the heaviest gas used ͑Kr͒ the profile evolves into a pair of equally strong, 1 cm −1 wide lines spaced by 1.5 cm −1 . This may be due to a level splitting in a double-well potential which is expected to take place in monocyclic molecules such as C 18 along the even-odd bondlength alternation or analogous angle alternation normal coordinates ͑see Sec. IV͒. The residual bandwidth may be attributed to the overlap of rotational structure which is estimated to be about 1.5 cm −1 at 30 K rotational temperature.
IV. AB INITIO CALCULATIONS
Theoretical studies predict that the even-numbered C n carbon molecules with less than ten atoms possess a linear geometry with triplet ground electronic state, whereas for C n Ͼ 10 monocyclic structures are preferred. 28, 29 Measurements in neon matrices indicate that neutrals coexist in both linear and cyclic forms up to 14 atoms. 11, 16 According to ion chromatography, linears sustain at least up to 20 for anions but only up to 10 for cations. 15 The relative linear-to-cyclic ratio of neutrals produced by a given source is apparently dependent on production pathways and both isomers need to be considered. The calculations for four isomers of each C 18 and C 22 were carried out at the B3LYP/ 6-31G * level using GAUSSIAN03. The optimized ground-state geometries and relative energies of linear and three cyclic isomers are indicated in Fig. 4 and Table III . Among these the linear isomer has the highest relative energy, 3.5 eV above the cyclic structure with D 18h symmetry. The cyclic isomer is doubly aromatic because the valence electrons are delocalized in two perpendicular systems of orbitals, one in the ring plane, another one out of it. Structures 2 ͑D 9h ͒, 3 ͑C 9h ͒, and 4 ͑D ϱh ͒ are local minima, whereas 1 ͑D 18h ͒ is a high-order saddle point. Lowering the symmetry by splitting the carbon atoms into two equivalent subgroups via bond-angle alternation leads to a D 9h cumulenic cycle with an energy of 0.11 eV lower. Alternation of bond length instead gives an acetylenic D 9h structure which is a saddle point. Simultaneous alternation of distances and angles brings the molecule to C 9h symmetry. The last structure is the only local minimum at the HF level, but effectively converges to cumulenic D 9h upon optimization at the density-functional theory ͑DFT͒ level. The excited states were calculated using the timedependent DFT method 30 with a B3LYP functional and 6-31G * basis sets. To check if the approach is suitable, linear and cyclic C 10 were used as a test because experimental values are available. 11, 16 This comparison indicates that the calculated vertical excitation energies of the allowed transitions of C 10 are within 0.1-0.3 eV of the experiment ͑Table IV͒. Thus the TD-DFT calculations appear suitable to predict the electronic absorption spectrum of large carbon species where high-level electron correlation approaches ͓such as complete active space self-consistent field ͑CASSCF͒ or multireference configuration interaction ͑MRCI͔͒ cannot easily be used.
Vertical electronic excitation energies of C 18 and C 22 were calculated at the optimized ground state geometries and are listed in Tables V and VI. The calculations predict ten dipole allowed electronic systems within the studied spectral   FIG. 3 . Closeup of the origin band of C 18 showing three peaks whose intensity ratio is dependent on the internal temperature. The three spectra are normalized to peak c. Peak a gradually decreases and slightly shifts towards higher energy upon changing the cooling gas. At the same time the relative amplitude of peak b decreases .   FIG. 4 . Geometries of the ground states of the C 18 isomers optimized at DFT-B3LYP/ 6-31G * level. The bond lengths are given in angstrom. The structure 3 ͑C 9h ͒ is the only local minimum at the HF level, but effectively converges to cumulenic D 9h upon optimization at the DFT level. 
range 1.55-4.5 eV for the linear structure of C 18 and C 22 . The lowest-energy allowed transitions are predicted at 1.13 eV ͑C 18 ͒ and 0.96 eV ͑C 22 ͒, while the strongest band systems should lie at 2.8 and 2.45 eV. There is only one dipole-allowed electronic transition at 2.39 and 1.98 eV, respectively, for the highly symmetric cumulenic D 18h cyclic structure of C 18 and D 22h one of C 22 . In contrast, for the lower symmetry cumulenic rings ͑D 9h and D 11h ͒ five dipoleallowed electronic transitions are predicted for C 18 ͑D 9h ͒ and six for C 22 ͑D 11h ͒ in the same energy range ͑Tables V and VI͒.
V. DISCUSSION

A. Isomer structure
In order to discriminate between the ring and the chain structures of C 18 the reactivity with hydrogen was studied. The carrier gas was seeded with 10% of H 2 and the peak intensities were compared to those without H 2 . While changes in mass peaks of other C n molecules occurred, no visible variations in the amplitude of the C 18 mass peak were observed. At the same time the signals corresponding to the mono-and the dihydrogenated C 18 gradually grew. The absence of multihydrogen peaks is consistent with the expected lower reactivity of the cyclic-C 18 isomer compared to the linear one. 31 Monocycles have a closed electron shell structure while the even-numbered linear chains are open shell with the two terminal carbon atoms left unsaturated. Using these conditions the R2C2PI spectra of the C 18 and HC 18 H were recorded simultaneously. The electronic transition of the linear polyynic chain HC 18 H is known. 25 Thus there is no doubt that linear C 18 is present in the beam. On the other hand, the addition of hydrogen does not change the intensity of the C 18 spectral bands shown in Fig. 1 . The same approach was applied to C 22 and HC 22 H and gave an analogous result. Another consideration is that the linear carbon chain molecules should form C 2n homologous series whereas cycles comply with the ͑4n +2͒ Hückel aromaticity rule. In fact, the absorption of C 14 has also been observed, but not of C 16 nor C 20 , which suggests that C 14 , C 18 , and C 22 belong to one family. The above arguments seem to indicate that the observed spectra arise from cyclic isomers of C 18 and C 22 .
Further support for this interpretation is based on predictions made by theory ͑Sec. IV͒. The highly symmetric C 18 ͑D 18h ͒ and C 22 ͑D 22h ͒ isomers would lead to only one electronic transition in the measured range, whereas lowering the symmetry down to D 9h ͑D 11h ͒ results in five ͑six͒ allowed ones, in agreement with experimental observations. In view of the predictions for the relative energetics, the D 9h ͑or D 11h ͒ structures are expected to be the major contributors to the observed spectra.
The calculations employed were unable to discriminate between C 4N+2/2h and D 4N+2/2h structures. This would have helped to resolve the controversy surrounding the critical size in C 4n+2 rings at which the Peierls transition from the aromatic ͑bond angle alternated͒ to dimerized ͑bond length alternated͒ ground state structures occurs. [32] [33] [34] [35] Where this crossover happens would provide a sensitive probe for the treatment of electron correlation in different theoretical approaches. The gas-phase spectroscopical data presented here could serve as a selection criterion for this with more rigorous electronic transition calculations.
B. Electronic transitions
C 18
The assignment of electronic transitions is guided by the calculations ͑Table V͒. The first strong vibronic band 1 to the TABLE IV. Calculated vertical transition energies ͑in eV͒ and oscillator strengths for the C 10 isomers using the TD-DFT-B3LYP/ 6-31G * level of theory and comparison with the experimental values.
TABLE V. Calculated vertical transition energies ͑in eV͒ for the lowest dipole-allowed electronic transitions for three isomers of C 18 at the optimized ground-state geometries using the TD-DFT approach with 6-31G * basis sets. 
C 22
The spectrum of C 22 was recorded under the same conditions as that of C 18 , and thus it was expected that the formation of the D 11h structure would be favored ͓Fig. 1͑b͔͒. The origin band 1 at 620 nm is in good agreement with the prediction of the TD-DFT calculation for the C 
VI. ASTROPHYSICAL IMPLICATIONS
Some of the observed electronic transitions of C 18 and C 22 are found in the region where diffuse interstellar absorptions are located. Among these only the relatively strong and narrow ones ͑ϳ0.1 nm͒, namely, the bands 1-6 of C 18 , are of direct relevance for a comparison. Though band 1 ͑at 592.89 nm͒ is close to a DIB ͑592.59 nm͒ and has a similar bandwidth ͑0.1 nm͒, this is a chance coincidence because the other strong peak 2 at 590.80 nm does not have an interstellar absorption as counterpart. The other bands of C 18 and those of C 22 are too broad ͑ϳ1 nm͒ and do not match DIBs in a systematic way. Thus it appears that the cyclic bare carbon systems, with sizes exemplified by C 18 , C 22 are also not responsible for any of the stronger DIB absorptions. TABLE VI. Calculated vertical transition energies ͑in eV͒ for the lowest dipole-allowed electronic transitions for three isomers of C 22 at the optimized ground-state geometries using the TD-DFT approach with 6-31G
